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Introduction

O can only introduce the subject, so mostly
discuss the physics of particle accelerators,

touching on the technolog Y, relevant to large
hadrow colliding beams sywnehrotrons

0O will cover:

- Lumiwositg; how to meet the regquirements?

- Accelerator Bastes, the Tevatrom and the LHC

- Challenges at high energtes
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Colllder Requwements

O ewnergy: collider vs. fixed target

e = 2 mOCQ Ybeam m*c? = /2 mOCQ E e /

0 L.umlwositg of Bunched-Beam Collider

- Llook at frcquewag of collistons...

i e 34 )
7 (10°*cm ™ ?sec™ ! for LHC)
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Integrated Luminosity

Suppose there are B bunches of particles circulating
L each diretton Lk the accelerator: then,

2
fo = rev. frequency £ — fOBN

B = no. bunches A

In Ldeal case, Partiates are “lost” only due to

GDLLLSLOWS p BN - _£ E n (n = no. of detectors

receiving luminosity £)

So, Ln this Ldeal case,



since R =L-Y then, #events = / L(t)dt - X

O So, our integrated Lluminosity is

,CoT £OT/IO
/O s o B L

asy, mptotio LLmLt:

I(1) [IOEBNOJ

.

I
foBN?

A
1

(wtll come back to Lumiwositg at the enol)

c)

50 100 150 200 250

Integrated Luminosity (/pb)

Luminosity (/microbarn/se

e

0
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O SimpLe Moodlel of Sy nehrotrow: Q

- Accelerating device + wmagwnetic field to
bring particle back to accelerate again

O Field Strength —- determines size, ultimate
energy of collider,
bend radius:| 0 = e% y — p/f (f ~ 0.8 — 09)1

. (fraction of circumference
with bending)

- EX:
B=18T, p=450 GeV/c f=0.85—> R=~1km
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Magnets

N turns per pole

O iron-dominated magwetic frelds of et

iron return yoke S
2/'110 /\/ A I 7 excitation
urren
d N

- ronn WLLL “saturate” at about 2 Tesla

e

0 qu:eroowoluatiwg magwets

- field determined by distribution of currents

By = ot r “cosine-theta” distribution

2

current density, J
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* Superconducting Designs

Numerical [ Lo h

O Tevatrown Examcple: b 2
4w T m/A 1000 A /mm” 10°mm
107 > (10 mm) - =

1t SC accelerator 6T

J

4.4 T; 4°K

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Tevatron Dipole

Helium-Il Vessel
Spool Piece -
Bus Bars - > Superconducting Bus-Bar
Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole /
Bus Bars : , , Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

Instrumentation

Protection Feed Throughs

Diode
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* Superconducting Designs

Nuwmeerieal Lo

O Tevatron ol 2

4w T m/A 1000 A /mm” (10 mm) - 10°mm
107 2 m

J

~N

1t SC accelerator 6T

4.4 T; 4°K
Heat Exchanger Pipe

Superconducting Coils

Tevatron Dipole

Helium-Il Vessel

29 A — ' . ,
.y//\' N\ 7 NV M S ‘\\\:. e T v / ’ Superconducting Bus-Bar
%‘ s "‘X\ | 3 | | ; - ,‘ ¢ Non-Magnetic Collars
- ~Coil Collar - u;)( :u Yole - ' ’ . : ’ ‘ /

Vacuum Vessel
Radiation Screen

Thermal Shield

The
‘uxili.ary 1 S'm lO“g
Bus Bar Tube LHC cryodipole

Instrumentation
Feed Throughs

O(LHC -8T;1.8°K )
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magine: particle cireulating in field, B, with orbit
frequency w. Along orbit, arvange particle to pass
through a cavity with max. voltage V; oscillating at

frequency hxfrev (where hl is an integer); suppose
particle arrives near time of zero-crossing

net acceleration/deceleration = eV sin(wAt)

I'd I'd I'd I d I d '
L{ arrives Late, more voltage Ls apptbed; arrvives ea YLH, gets less Loss

thus, a restoring force > energy oscillation | “Synchrotron Oscillations™

next, slowly raise the strength of B; if raised adiabatically, oscillations continue about
the “synchronous” momentum, defined by p/e = BR for constant R, as B increases

Nonlinear restoring force of the RF generates stable phase space regions

bunched beame  h = fir/ free = # of possible bunches

Friday, January 9, 2009



Bunched Beam

O ©x: Bunch by adiabatically raising voltage of RF cavities

eVWin) = 0 02keV

/\eVsin (A1)

. r -
PR P g S | - 'y ¢ _ ) o ) L LN SRR, VT S 2 Dy TP e IOs e o) e e
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"rc' L S :’,.«,{*—:\;:« r}.’ CUAN SRR sla iz R S A N L L e R b [t _:[:..:1:5: ey Fus g
N 1 o [T S A MADE I e AR P S I A o L TR K e IR e % 3N LY ) vas

2 -y ’ e SEIAT ARt e LA REEA .. AN
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Keeping Focused
In addition to Lnereasing the particle’s energy,

must keep the beam focused transversely N (

Standard focusing scheme: alternating system —_—

of focusing and defocusing lenses

uadrupole Fleld will focus tn one transverse
plane, but defocus in other; Lf alternate, can have

net focusing in both

- for equally spaced unfinite set, net focusing
requires > L/2

F = focal length, L = spacing
- FODO cells:

DA

Friday, January 9, 2009 11
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Focusing Magnets

“separateol function”
first used at
Fermilab

Fermilab Logo

12



Particle Trajectories

]

g S, de’  d?z
O AwangtwaL Description: T T a2

il Equation of Motiown: (L= Equation)

"+ K(s)z =0

- Nearly stmple harmonic; so, assume soln..:

Friday, January 9, 2009
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Particle Trajectories

1 FODO “cell”

1y
Je
A

O Awna LgticaL Descriptiow:

- Equation of Motiown: (L= Equation)

"+ K(s)z =0

- Nearly stmple harmonic; so, assume soln..:

Friday, January 9, 2009 13



¥ e - e

Hill’s Equation and the “Beta Function”

we see that an “amplitude function” exists, so taking z” + K(s)z =0 and

assuming z(s) = Av/B(s)sin[y(s) + 4]

e can show that (ﬁ” + 4K = const.)

Wi

444
i/

n a “drift” reglon (no focusing fields), 7
- beta function is a parabola iw drift regions E o
- if pass through a waist at s = 0, then, 2

Q00
ofofofo‘o

<2

NS

5’

|
|

V|

5

2l 3

longitudinal position

So, optical properties of sywehrotron (B) are now decoupled from particle
properties (4, 0) and accelerator can be destgned in terms of optical
functions; beam size will be proportional to S/

Friday, January 9, 2009 14
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FODO Cells (arcs)

Ex: Tevatrown Cell i =

Tevatron Cells --F=25m,L=30m

1+ L/2F
=l

Amplitude Functions (m)

I
100

longitudinal position (m)
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- e = S v = N - . - e

Long Straight Section

O a “matched insertion” A et

tl’! at Propagates tl’le LHC V§.5 Beel1m1 IR{l 4SOGIeV Injeption (rl)p) %C'rossingl Bump's(IP1=]OO% II'35=1OO°/%_£P3551:9(

amplitude functions - B D
from their FODO
values, through the
nwew reglown, and
reproduces them on the
other side

Here, we see an LHC - ‘ ‘ ,
’ | ‘ ) \

seatw’w used for beam N V'V 'Vy

seraplng T e -

9.4 916 9?8
Momentum offset = 0.00 %

Friday, January 9, 2009 16



Interaction Region
(LA G-

LHC V6.500 Collision LHCB1 IR1 Crossing Bumps(IP1=100% IP5=100% IP2=100% IP8=100%) MAD-X 3.03.02 23/0
T T I T | T . T a T ! T T T . T . T ;

2.5

Be (m), By (m)

beam is ~10x Larger in triplet magnets
thaw iwn the arcs of the ring;

~100x larger thaw at focal point i S>> : ' : ' : : : : P
12.78 p 13.88
Momentum offset = 0.00 %

[*10™( 3)]
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O make up a

sywchrotron out
of FODO cells for

bending, a few
matched straight
sections for
special purposes...

Friday, January 9, 2009
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" LHC Layout

0O MostLg FODO cells,
with beams separated
horizontally in
commow cry ostats

stratght regions for
detectors, Lnjection,
RF, beam scraping,
Lnstrumentation,
beam dumps, ete.

Symmetry LWSUYES
equal path lengths for
two beams

Friday, January 9, 2009 19
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3

*Tevatron: 2 Beams in 1 Pipe

bunch length

Helical orbits through 4 standard arc cells 2 S e B 3 s
of the Tevatron; beam envelopes are shown separated by ~400 ns

Friday, January 9, 2009 20



*¥ LHC: 2 Beams in 2 Pipes

® Many more (~3000) bunches in each (separated) LHC beam; but, for
about 120 m near the IP, contained in the same beam pipe

This would give ~30 bunch interactions through this region

Want a single Head-on collision at the interaction point (IP), but will
still have long-range interactions on either side

Beam size grows away from IP, and so does separation; can tolerate
beams separated by ~10 sigma g CMAN b g
b P 4

head-on

d/U — 8 y (6*/0-*) ~ 10 \ collision ’

— ¢ =10-(0.017)/(550) ~ 300 prad oligons. I >x I long-range

| & ~
P 4 -

Friday, January 9, 2009 21



Tevatrown

= GO e i T O/ e M|

LHC

- 210" - F-10™eV - 1.6 10 )/ev ~ 300 M) per beam!

Power at 1P’s — rate of lost particles x energy: L2 E

-  Tevatrown (at 4K) - ~4 W at each detector region

- LHC (at 1.€K) - ~1300 W at each detector reglon

Friday, January 9, 2009 22



Collimation Systems

1y
Je
A

O Tevatrown —- several ooLLimators/sorapers

0O LHC —- ~ 100 collimators

careful control of collimators, beam
trajectory, beam envelope are required

Dec 5, 2003 “event”
inTev -- ~| M|

Friday, January 9, 2009 23



Back to Luminosity...

Can now express tn terms of beam physies parameters;
ex.: for short, round beams...

=% fOBN2 = fOBNQ’Y (rms beam size

e —
Amo*2 4e3* o x Vi

If different average bunch tntensities, and/or different
transverse beam sizes for the two beams,

JoBNiNa —  foBN1 N2y
2 (0% + 03%)  20*(e1 + €2)

=

and assorted other variations...

Friday, January 9, 2009 24



Hour Glass

O tf bunches are too lLong, the rapid increase of the
amplitude function away from the interaction
“pornt” reduces luminosity

- Tevatrow:

T O, AN

o o g B
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Crossing Angle

Thouwgh the hourglass effect will not be an Lssue tn the LHC,
we saw that a crossing angle is required -- will also reduce
luminosity from previous expressions

1.0

-- however, since bunches are tnoleed
shorter in. LHC, effect due to crossing
angle in LHC Ls only ~15%:

1

e
: \/1 + (aos/20%)?

Luminosity Reduction

00 02 04 06 0.8

« = full crossing angle
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Back to Integrated Luminosity...

need to tnclude effect of particle Loss due to other means
- ex: scattering off restdual gas

suppose diffusion effects cause do®/dt (they do!), and
particles eventually strike collimators:

Tevatron examp Le:

- do® /dt
i L(t) I(t)

Luminosity (/microbarn/sec)
Integrated Luminosity (/pb)

time(hr) time(hr)
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Optimization of
Integrated Luminosity

O The ultimate goal for the accelerator - providle
largest total number of collistons possible

O So, optimize initial Lumiwositg, according to

turn-around time, emittance growth rates, ete.
to produce most Lntegrateol Lumiwosi‘cﬁ per
week (sa g)

- exa VM}PLC: recewt Tevatron ruwvu',wg
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Antiprotons (e10)

ASSUMES
accumulation rate
of 2x10* pbm’s/hr

I I I I
10 15 20 25

—~~
0
o
~
-—
-
)
)
=
| -
)
o
S
>
-l
-
£

Time (hrs)

For Tevatrown, balawnce rate at
whieh integrate luminosity
against the rate at which we | | I |
can produce antiprotons 200 300 400 500

Accumulated Antiprotons (e10) for next store
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Tevatron Operation

Heve, need to o e recent F-oay period
ba La V\IGC, thc S # stores
above with the P
production rate R /

of antiprotons

1/1/07 -- 12 e10/hr
to ﬁwd
optimum

Integrated Luminosity (1/pb)

rFUNNLING
conoditlons

time in week (hr)
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Tevatron Performance

* Econ = 196 TeV;  operating >350 times original design luminosity
e Upgrades since 1986 --

— Linac upgrade; new Main Injector; Interaction Region magnets; improved magnet cooling; more bunches (6 -> 36); “Recycler” (antiproton storage); electron cooling;
new stochastic cooling systems; new Beam Position Monitoring systems, other diagnostics; much maintenance -- alignment, magnet fixes, etc.; much more ...

Peak Luminosity (1/ub/sec) Max: 352.8 Most Recent: 327.2 Integrated Luminosity 5605.80 (1/pb) = 5.6/-(%

350 ,

325 | /
300

275
250 -
225 -
200 -
175
150
125

100

Feak Luminosity (1/ub/sec)

-~
o]
o
S
—
N
>
=
v
o
=
=
= |
|
=
L
3]
_
(=}
a
—
1=

0 I -f— —

2002 2003 2004

v Fiscal Year 04 < Fiscal Year 03 »/Fiscal Year 02 v Fiscal Year 04 < Fiscal Year 03 Fiscal Year 02
\
Tevatron I design goal (1/ub/s) best achieved in Run I (25/ub’s) Final leVSe/lgrzeac;;cé in Run I (~100/pb)
(Eng. run, 1980’s) (5/92 - 2/96) (5/92 - 2/96)

m Fiscal Year 09 Fiscal Year 08 /Fiscal Year 07 « Fiscal Year OGVscal Year 05 m Fiscal Year 09 Fiscal Year 08 a Fiscal Yeaw\? + Fiscal Year 06 = Fiscal Year 05
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Integratmg Lum|n05|ty at LHC §

O For LHC, protons are reaolbtg available; beams are deSnged
to be of equal intensity

O So, will balance the deca Y of Lumiwositg]...

Lo =—2 . F@)

()
O ... agawnst the time it takes to regenerate tnitial conditions,
beam growth rates and loss mechanisms, ete.

FVO W LHC The total luminosity per year attains a maximum if the run time satisfies the following equation

DgSLQV\I Re‘Port: ln(Tturnaround + Trun e 1) Bt Trun. (3.15)

TL TL

Assuming a luminosity lifetime of 15 h one obtains optimum run times of 12 h and 5.5 h for an average
turnaround time of 7 h and 1.2 h, respectively. Inserting the nominal peak LHC luminosity and the optimum
run times into Eqs. (3.13) and (3.14) one obtains for the maximum total luminosity per year betweew
and 120 fb~! depending on the average turn around time of the machine.

Friday, January 9, 2009
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- e = S v = N - . - e o N o N o N ¥ e

What’s been left out?

B=Cots

sywnchrotron radiation

Coupling of degrees-of-freedom transverse x/y, trans. to longitudinal
Space charge tnteractions (mostly low-energies)

wake fields, impedance, coherent instabilities

Beam cooling technigues

RF manipulations

Resonant extraction

Crystal collimation

Magwet, cavity design

Beam nstrumentation and diagwostics

mueh more...
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O WS Particle Accelerator School:
- http://uspas.fnal.gov
- Twice yearly, January /june

O CERN Accelerator School:
- http://cas.web.cern.ch
o Spring (specialized topics)
o autuwmmn (Lntro/tntermediate)

email: syphers@fnal.gov
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O DP. A Bdwards and M_). Syphers, An Introduction to the
Physties of High Bnergy Accelerators, John Wiley § Sons (1992)

O S.Y. Lee Accelerator Physies, World Scientific (1999)

O E.J. N. Wilson, An Introduction to Particle Accelerators, Oxford

t/w\,ﬁversit:d Press (2001)

ano many others...

O Cownference Proceedings —
- Particle Accelerator Conference (2007, 2005, ...)
- Buropean Particle Accelerator Conference (2006, 2004, ...)
- AsLawn Particle Accelerator Conference (2007, 2004, ...)
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